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Electrospray ionization (ESI) in combination with Fourier transform ion cyclotron resonance
(FTICR) mass spectrometry provides for mass analysis of biological molecules with unrivaled
mass accuracy, resolving power and sensitivity. However, ESI FTICR MS performance with
on-line separation techniques such as liquid chromatography (LC) and capillary electrophore-
sis has to date been limited primarily by pulsed gas assisted accumulation and the incompat-
ibility of the associated pump-down time with the frequent ion beam sampling requirement of
on-line chromatographic separation. Here we describe numerous analytical advantages that
accrue by trapping ions at high pressure in the first rf-only octupole of a dual octupole ion
injection system before ion transfer to the ion trap in the center of the magnet for high
performance mass analysis at low pressure. The new configuration improves the duty cycle for
analysis of continuously generated ions, and is thus ideally suited for on-line chromatographic
applications. LC/ESI FTICR MS is demonstrated on a mixture of 500 fmol of each of three
peptides. Additional improvements include a fivefold increase in signal-to-noise ratio and
resolving power compared to prior methods on our instrument. (J Am Soc Mass Spectrom
1997, 8, 970–976) © 1997 American Society for Mass Spectrometry
The coupling of electrospray ionization (ESI) [1, 2]to Fourier transform ion cyclotron resonance(FTICR) mass spectrometers [3–6] has produced
remarkable results for the analysis of large biomol-
ecules [7, 8]. ESI/FTICR has recently achieved unit
resolving power for proteins in excess of 100 kDa [9],
and complete spectra have been obtained at 30 kDa for
a sample load of less than 10 attomoles [10]. The
complexity and high salt concentration typical of bio-
logical samples have stimulated the development of
liquid chromatography/mass spectrometry (LC/MS)
with quadrupole mass filter [11], quadrupole ion trap
[12], and time-of-flight (TOF) [13] mass analyzers. It is
therefore surprising to find few reports of LC/MS
based on FTICR mass analysis, in spite of the obvious
potential advantages of improved resolving power,
mass accuracy, and sensitivity.
The limited prior success of LC/FTICR MS derives
from the compromises imposed by the need to trap ions
efficiently at low pressure following ion injection from
an external continuous ion source. The first report of
ESI FTICR MS [14] employed gated trapping [15] to
capture ions before excitation and detection. Gated
trapping consists of reducing the electric potential on
the entrance end cap electrode to ground to admit ions
to the cell, then rapidly returning the electrode to the
normal trapping potential before data acquisition. Ma-
jor disadvantages of gated trapping for LC/FTICR are
the low duty cycle when coupled to a continuous ion
source, and ion ejection due to the nonadiabatic change
in the trapping potential [16]. Despite these disadvan-
tages, LC/FTICR was first achieved by Stockton by use
of gated trapping [17]. Reverse-phase high-performance
liquid chromatography (HPLC) was combined with
thermospray ionization and electrostatic ion injection
into a 7-T magnet for the analysis of insecticides at
nanomole injection levels. Ions were injected over a
millisecond period, and 512-K data sets acquired every
4 s, to produce mass spectra with mass resolving power
of .10,000 and signal-to-noise ratio of .100:1.
Another variation of gated trapping is based on
off-axis deflection of ions as they enter the Penning trap
[18]. The deflection extends the residence time for ions
entering the trap from less than 1 ms to tens of ms,
dramatically increasing the number of ions that can be
trapped. With that ion trapping technique and electro-
static injection into a 4.7-T magnet, Stacey et al. reported
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the coupling of reverse-phase HPLC with FTICR for the
analysis of a synthetic mixture of five peptides at
nanomole injection level [19]. Off-axis deflection in-
creased the ion injection period to 200 ms, and 32-K
data sets were acquired every 2 s, producing mass
spectra with resolving power in excess of 5000 and
signal-to-noise ratio of .100:1. Although deflection of
ions off-axis is beneficial for capture of ions in the trap
at low pressure, undesirable side effects result from
excitation and detection of a noncentered ion cloud:
enhancement of harmonic signals [20], increased radial
diffusion [21] and resistive wall destabilization [22, 23],
as well as reduced signal-to-noise ratio and mass re-
solving power [24, 25].
A major improvement in ESI FTICR MS followed the
adoption of accumulated trapping [26]. At a static
trapping potential, ions are decelerated by collisions
with a background gas as the ions pass through the trap
[27, 28]. Although the collisional trapping process is
inefficient, the potentially long accumulation period can
produce a large ion population for enhanced signal
level. However, for the collisional trapping mechanism
to be effective, the background pressure should exceed
1025 Torr, which is incompatible with a pressure of less
than 1028 Torr for optimal data acquisition. To over-
come this difficulty, pulsed gas-assisted trapping was
introduced [29] to allow efficient ion accumulation,
followed by a lengthy pumpdown delay (20–120 s)
before data acquisition at 1029 Torr.
This long pumpdown associated with pulsed gas-
assisted accumulated trapping is obviously incompati-
ble with chromatographic separations. A novel solution
to the pumping delay was the construction of an ESI
FTICR instrument with an integral cryopumping sys-
tem with a reported pumping speed of .105 L/s at the
ion trap [8]. The cryopump allows for gas pulses to high
pressure (.1025 Torr) for efficient ion trapping and a
quick pumpdown (;2 s) back to low pressure (,1028
Torr) for optimal ICR detection. With that system,
Hofstadler et al. demonstrated capillary electrophoresis
of a mixture of six proteins at femtomole injection level
[30]. Ions were injected for 100 ms, and 256-K data sets
were acquired every 6 s, to provide unit resolution mass
spectra for proteins as large as carbonic anhydrase (30
kDa). By use of extended gas pulses, the detection limits
for this system were reduced to the subfemtomole level
by lengthening the ion accumulation time to 5 s to
produce hemoglobin (17-kDa) spectra with S/N . 13:1
and mass resolving power . 45,000 [31]. Quadrupolar
axialization was applied to minimize the detrimental
effects of radial ion expansion during the long ion
accumulation event [32, 33].
A more general solution to minimizing or eliminat-
ing the pumpdown is to separate the initial ion trapping
process spatially from detection in a differentially
pumped region of the instrument. This principle
formed the basis for the dual trap [34], in which ions are
created in the first or “source” trap at high pressure,
and then transferred to the second or “analyzer” trap
for mass analysis at low pressure, without the need for
a pumpdown delay. However, a dual trap typically
provides a pressure ratio of ,1000, which dictates an
accumulation pressure of less than 1025 Torr if mass
analysis is to be performed below 1028 Torr. Chen et al.
demonstrated a dual cell for ESI FTICR MS, in which a
pressure difference of four orders of magnitude could
be maintained by use of a mechanical shutter between
the source and analyzer chambers [35, 36]. That design
afforded continuous injection with mass-selective ion
accumulation [37] at 1025 Torr and data acquisition at
1029 Torr without additional pumpdown time.
Using electron ionization, Kofel et al. demonstrated
that the ion source region external to the magnetic bore
and operated at 1026 Torr can be used effectively to
create and store ions before transfer to a mass-analyzer
compartment located at the center of the magnet at a
pressure of 1029 Torr [38]. They note that moving the
trap further from the magnet would allow for addi-
tional differential pumping, but that the stray magnetic
field would not be sufficient to trap ions for extended
periods of time, and suggested the use of either a
second magnet [39] or a Paul (quadrupole) ion trap for
ion containment.
A similar idea has already been implemented with
the quadrupole (Paul) ion trap. Douglas [40] incorpo-
rated linear quadrupole rods operated in rf-only mode
to accumulate ions initially before transfer to a differ-
entially pumped quadrupole ion trap for data acquisi-
tion. The linear rf-quadrupole allowed for accumulation
of ions during analysis, dramatically enhancing the
duty cycle compared to systems in which ions are
accumulated directly in the quadrupole ion trap.
Here we describe minor modifications to our 9.4-T
ESI FTICR mass spectrometer [41] to allow accumula-
tion of electrosprayed ions in an octupole ion guide for
subsequent injection by a second octupole to the center
of the superconducting magnet, where ions are cap-
tured in a Penning trap by gated trapping. Nanoscale
LC/FTICR MS of small peptides at the femtomole level
can then be performed with a duty cycle approaching
100%, and rapid scanning is limited only by the data
system. An unexpected benefit of accumulation in the
octupole is the axialization of the ion cloud along the z
axis of the instrument, resulting in significantly en-
hanced signal-to-noise ratio and mass resolving power
after ion transfer to the Penning trap.
Experimental Methods
Experiments were performed on an ESI FTICR mass
spectrometer system previously described [41], but
with the original cryopumps replaced by 1100-L/s
turbodrag pumps (model TPU 1600, Balzers, Hudson,
NH). The system is based on a passively shielded 9.4-T
superconducting magnet with 220-mm-diameter hori-
zontal bore (Oxford Instruments, Oxford, UK) and
spatial inhomogeneity of #25 ppm over a 10-cm-diam-
eter sphere. Ions are created in a Chait-style [42] home-
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made ESI source with a heated metal capillary, and are
normally conveyed to the Penning trap by two rf-only
octupole ion guides of 60 and 162 cm length. Each
octupole is independently controlled by a function
generator (model 2003, Global Specialties, New Haven,
CT) and high power rf-amplifier (model 50A220 and
25A100, Amplifier Research, Souderton, PA) run
through a center-tapped transformer (model BB0704,
Northhills, Syosset, NY). Each octupole is operated at
1.3 MHz at a typical rf driving voltage amplitude of
100–400 Vp-p. All aspects of the experiment, including
gating of the octupoles, are controlled by an Odyssey
data system (Finnigan Corp., Madison, WI).
The ion transfer optics were modified by addition of
an end cap electrode between the skimmer and the first
octupole. As shown in Figure 1, application of a dc
potential to the end caps provided by this new electrode
and the existing conductance limit between the octu-
poles allows for creation of a potential well in the z
direction for axial confinement of ions, whereas ions are
confined radially by the applied rf electric field. Typical
electrical potentials during ion accumulation are 2, 27,
and 9.75 V to the end cap, first octupole offset, and
conductance limit between octupoles, respectively. The
ion accumulation period ranged from 0.5 to 3 s, depend-
ing on solution concentration. Ions are released from
the first octupole by raising the offset to 1.5 V and
grounding the conductance limit. Ions are transferred
by the second octupole, held at 270 V, to the Penning
trap, where they are captured by gating the front trap
electrode to ground [15] for 1 ms, followed by return of
the trapping potential to 1 V and subsequent dipolar
excitation and detection. All instrument tuning and
method characterization (except for the LC/ESI FTICR
experiment) was obtained from ESI of bovine ubiquitin,
which was used as received from Sigma Chemical
Company (St. Louis, MO). A 20-mM protein solution
containing 68% methanol, 30% water, and 2% acetic
acid was infused directly at a flow rate of 1 mL/min.
Mixture separation was accomplished using
nanoscale LC, and the analytes were eluted into the ESI
source by microelectrospray injection. The technique of
generating a microelectrospray directly from a packed
nano-LC column has been previously described [43, 44].
All previous results were performed on a triple quadru-
pole mass spectrometer and the present experiments
represent the first coupling of this injection technique
with a high-resolution FTICR mass spectrometer.
Briefly, 50-mm-i.d. fused-silica capillaries were fritted
and packed with C-18 reversed phase resin (40-nL bed
volume). The packed capillary then serves as the mi-
croESI “needle,” thus eliminating any postcolumn dead
volume. The sample peptides were used as received
from Sigma (St. Louis, MO). For the results described
here, the sample peptides were dissolved in artificial
cerebrospinal fluid (CSF, consisting of 5-mM KCl,
120-mM NaCl, 1.2-mM MgCl2, 1.8-mM CaCl2, and
0.15% phosphate-buffered saline, pH 7.4) at a concen-
tration of 50 fmol/mL per peptide. A 10-mL aliquot of
this mixture was then loaded onto the column by means
of loop injection. Salts were eluted from the sample by
washing with 2% methanol, 0.25% acetic acid. Samples
were eluted from the column with a solvent gradient
from 2% methanol, 0.25% acetic acid to 70% methanol,
0.25% acetic acid, thus permitting baseline separation of
each peptide component. The solvent gradient was
performed at a flow rate of 800 nL/min and was
generated by a homebuilt computer-controlled mi-
crosyringe pumping system.
Results and Discussion
For pulsed ion sources, such as matrix-assisted laser
desorption/ionization (MALDI), gated trapping can be
quite effective [45], but gated trapping is less effective
with a continuous ion beam. Initial trapping of the ions
in the first octupole ion guide effectively converts the
continuous ion beam into a pulsed ion beam, making a
continuous ESI source more compatible with gated
trapping. Similarly, a quadrupole ion trap has been
used to accumulate electrosprayed ions for subsequent
pulsed measurement by time of flight, another mass
analyzer that operates inherently in a pulsed fashion
[46]. Previous ESI [47] and MALDI [45, 48] FTICR MS
experiments based on gated trapping require either a
lengthy delay or pulsed gas before excitation and de-
tection, to reduce ion z-axis kinetic energy to yield high
resolution. In contrast, we find that high-resolution
FTICR mass spectra (m/Dm50% . 100,000, in which
Dm50% is the full peak width at half-maximum peak
height) can be obtained without any cooling of excess
z-axis energy, most likely due to the large homoge-
neous region of our wide-bore superconducting mag-
net. Excitation and detection can usually be performed
immediately after raising the potential of the front trap
electrode with no detrimental effects. However, for very
large ion populations (S/N ratio .5000:1), we typically
add a 20-ms delay before excitation/detection; peak
coalescence [49] is thereby reduced, most likely because
the ion cloud spreads out along the z axis to increase the
average ion–ion separation. The present method has
proved effective for obtaining high-resolution FTICR
mass spectra of molecules with molecular weights up to
Figure 1. Schematic diagram of the octupole ion guide, in which
the front end cap and conductance limit serve as trapping elec-
trodes.
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;50 kDa. For larger molecules, stored waveform in-
verse Fourier transform (SWIFT) isolation [50] to leave
just a few charge states is required to reduce the total
ion population before high-resolution results can be
obtained [9, 41, 51].
Increased Frequency of Sampling of a Continuous
Ion Beam
The greatest benefit of operating the ESI FTICR MS in
the external accumulation mode is the greatly increased
frequency at which the ESI ion beam may be sampled.
With the standard method of pulsed valve-assisted
accumulation in the Penning trap [29], and with our
1100-L/s turbodrag pump, it was necessary to delay
approximately 10 seconds for the pressure to drop
below 1028 Torr for data acquisition. However, by first
trapping and accumulating ions in the first octupole,
detection can be performed as soon as enough ions have
been accumulated and pulsed out of the first octupole.
The external accumulation method is ideally suited for
on-line chromatography, because increased frequency
of ion beam sampling results in better-defined chro-
matographic peak shapes in a reconstructed ion chro-
matogram. Figure 2 shows a reconstructed ion chro-
matogram from the nano-LC separation of a mixture of
arg8-vasotocin, met-enkephalin, and b-casomorphin at
the femtomole injection level. A total of 500 femtomoles
of each peptide dissolved in 10 mL of artificial CSF was
loaded onto the column, an improvement in sensitivity
by a factor of ;20,000 over the best previously pub-
lished LC/ESI FTICR result [19]. Three-second ion
accumulation events were followed by transfer of ions
to the cell and acquisition of 64-K data points to
produce spectra with S/N ratio . 1000:1 and mass
resolving power . 5000. Larger data sets were not
acquired because the additional time required to store
each transient slows the scan rate, leading to a deterio-
ration in chromatographic resolution. Moreover, longer
transients were not required to resolve the peptide
isotope distributions.
Improved Duty Cycle
The elimination of a pumpdown delay also increases
the effective duty cycle, defined as the percentage of
total experiment time used to sample the continuous
ion beam. With pulsed valve-assisted trapping, a 1-s ion
internal accumulation in the Penning trap, followed by
a 10-s pumpdown and a 1-s data acquisition provides
an effective duty cycle of 8%. However, with ion
external accumulation in the octupole, a 1-s accumula-
tion followed by ion transfer and a 1-s data acquisition
yields a duty cycle of 50%. However, because ion
accumulation and data acquisition are spatially sepa-
rated, the next packet of ions can be accumulated while
the previous packet is being detected, for a duty cycle
approaching 100%.
Improved Signal-To-Noise Ratio
An expected benefit of trapping ions in the octupole is
a large sensitivity enhancement. The higher pressure
(;1022 Torr) in the octupole and its length (60 cm)
compared to the Penning trap (;10 cm) allows for a
much larger number of ion-neutral collisions, and thus
a higher probability of ion capture. If collisional damp-
ing were the sole mechanism for trapping, then one
would expect that ion trapping is effectively achieved at
near unit efficiency, given the high pressure, long path
length, and low kinetic energy with which ions are
injected. However, we have observed a strong nonlin-
ear dependence of signal strength on accumulation
period, which may suggest a Coulombically assisted
trapping mechanism [52] and less than unit trapping
efficiency. It is also possible that the efficiency of ion
transfer from the octupole to the trap depends upon the
number and spatial distribution of trapped ions in the
octupole.
In spite of the much higher expected trapping effi-
ciency in the first octupole, the number of ions obtained
in the cell for a given ion accumulation period is about
the same as for normal accumulation with pulsed gas
inside the Penning trap. This result is explained by the
broad distribution in ion arrival time shown in Figure 3,
presumably due to the long period during which ions
spill out of the first octupole. Of course, this broad
arrival time distribution is desirable so that the ion
transfer time need not be precisely tuned to optimize
signal strength, and time-of-flight effects do not lead to
m/z discrimination in the mass spectrum (as demon-
strated by the near perfect flight time overlap between
charge states of ubiquitin in Figure 3). However, the
broad arrival time distribution means that not all of the
ions initially trapped in the octupole end up in the
Penning trap, thereby sacrificing some sensitivity. Nev-
Figure 2. Reconstructed ion chromatogram and selected mass
spectra from nano-LC/micro-ESI FTICR MS of a mixture of 500
fmol of each of three peptides dissolved in artificial cerebrospinal
fluid (each peptide at a concentration of 50 fmol/mL).
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ertheless, because of the reduced decay rate of the time
domain signal, the signal-to-noise ratio (for the same
number of ions) improves substantially for external
compared to internal ion accumulation (see below).
Improved Mass Resolving Power
An unexpected (but welcome) surprise was that the
mass spectrum obtained using accumulation of ions in
the first octupole were of a higher quality than those
obtained using internal pulsed valve accumulation. We
attribute this spectral enhancement to axialization in the
octupole during the ion accumulation period. In con-
trast to the Penning trap, the octupole produces a
three-dimensionally concave pseudopotential, so that
collisions with background gas (on the average) reduce
both radial and axial ion velocity and thus reduce the
radial and axial dimensions of the ion cloud. The
reduction in ion cloud radius before ions enter the
Penning trap minimizes the subsequent effects of inho-
mogeneous electric and magnetic fields on ion cloud
dephasing once the ions are transferred to the Penning
trap, resulting in a time-domain ICR signal with slower
decay rate. This phenomenon is demonstrated in Figure
4. For a comparable number of ions (as shown by equal
initial time-domain ICR signal magnitude) at the same
base pressure, the ICR time-domain transient signal
following ion accumulation in the octupole decays at a
rate ;10 times slower than the transient following ion
internal accumulation in the Penning trap.
The time-domain data of Figure 4 are converted to
mass domain spectra in Figure 5. The reduced decay
rate in the time domain signal translates into dramati-
cally higher resolving power and signal-to-noise ratio
when the data is transformed to the mass domain. The
number of ions in the two spectra are approximately the
same, as evident from their similar time-domain signal
initial amplitudes (Figure 4), but the slower decay rate
for the externally axialized ions produces a mass do-
main spectrum with ;5 times larger signal (note the
different vertical scales on the two spectra of Figure 5).
The slower decay rate also translates into higher resolv-
ing power. The maximum resolving power achieved by
use of internal accumulation was limited to ;250,000
(independent of mass from 5 to 67 kDa). External
Figure 3. Distributions of ion arrival times at the Penning trap,
for six different charge states of bovine ubiquitin initially captured
and held in the first octupole, measured by plotting the peak
height of the most abundant isotope of each charge state vs. ion
transfer period. The abscissa is plotted on a log scale due to the
relatively broad arrival time distribution.
Figure 4. Time-domain ICR signals for electrosprayed bovine
ubiquitin (8.6-kDa) ions. Top: Ions accumulated internally in the
Penning trap. Bottom: Ions accumulated externally in the first
octupole. Spectra were obtained at the same base pressure and
other instrumental conditions.
Figure 5. FT spectra of the time-domain signals shown in Figure
4. Note the fivefold difference in vertical scale, showing an
approximately fivefold increase in signal-to-noise ratio for exter-
nally accumulated ions.
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accumulation has resulted in resolving power .1,000,000
for ubiquitin and 150,000 for a 112 kDa protein [9].
Improved Real-Time Tuning of the ICR Signal
Finally, more frequent sampling of the ESI ion beam
also simplifies tuning of the external source optics.
Normally, tuning is performed by adjusting lens ele-
ments while monitoring the ion current impinging on a
supplementary collector electrode located behind the
Penning trap. However, ion current is not necessarily a
good indicator of mass spectral signal, because the ion
source may be tuned so as to produce high ion current
but with a broad kinetic energy distribution, which is
unfavorable for accumulated trapping; moreover, the
observed ion current may be produced by relatively
large, highly charged droplets that traverse the ion
optics, but produce no useful ion signal. Under tuning
conditions (256-K data set, 1.5-s ion external accumula-
tion period), mass spectra can be collected and dis-
played every 2 s, to make possible real-time tuning of
the external ion source based on actual FTICR mass
spectral peak abundances.
Other Effects of External Ion Accumulation
A disadvantage of external trapping in the octupole is
that numerous ion collisions with residual solvent may
produce noticeable charge stripping, i.e., loss of charge
from the most highly charged states (Figure 5). Charge
stripping can be problematic for MS/MS experiments
for which product ion spectra depend strongly on the
charge state of the precursor [53]. We are able to
minimize such charge stripping (see Figure 3 vs. Figure
5) by reducing the electrospray flow rate, increasing the
temperature of the desolvation capillary, and/or reduc-
ing the internal diameter of either the capillary or
skimmer to minimize solvent migration to the octupole.
Conclusion
Initial trapping of ions in the first octupole of an
external source ESI FTICR provides numerous analyti-
cal benefits to the ESI FTICR technique, including more
frequent sampling of the continuous ion source, near-
100% duty cycle, and significantly enhanced signal-to-
noise ratio and mass resolving power. Its simple oper-
ation and outstanding results have made it the standard
operating method with our instrument. It also provides
for frequent sampling of the output of a liquid chro-
matograph, an impossibility with prior internal ion
accumulation and our current pumping system. The LC
FTICR data presented here represents an increase in
sensitivity over previously published results. This im-
provement is even more impressive because the sam-
ples were initially dissolved in a biological matrix and
desalted on-line.
Future efforts will focus on two areas. First, mass-
selective trapping in a linear octupole, by analogy to
similarly mass-selective trapping in a linear quadrupole
[40, 54], should enhance the dynamic range of the
instrument [55], and allow investigation of species at
lower concentration. Second, by shortening the length
of the first octupole, and increasing the length of the
ICR trap, we can increase the transfer efficiency of ions
from the octupole to the Penning trap, and reduce the
time required to extract ions from the octupole for
injection into the Penning trap, thereby increasing sen-
sitivity as well as chromatographic resolution for on-
line LC/ESI FTICR MS. Alternatively, any method that
focuses the ions toward the rear of the octupole would
also provide added sensitivity without requiring major
reconstruction of the first pumping stage.
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